Introduction {#s01}
============

Primary cilia are organelles protruding from the cell surface that play key roles in sensory modalities such as photosensation, mechanosensation, and chemosensation across multiple different cell types and species ([@bib12]; [@bib8]). Irrespective of the cell type, the primary cilium is comprised of three structural--functional modules: the basal body, the transition zone (TZ), and a microtubule-based axoneme. As a consequence of widespread distribution and diverse functions of primary cilia, mutations affecting the core protein components of these ciliary modules result in a diverse set of multisystemic, developmental, and degenerative disorders collectively called ciliopathies ([@bib38]). However, a subset of ciliary genes encoding proteins housed in the TZ module, when muated, specifically display nonsyndromic defects in the retina such as Leber congenital amaurosis (Mendelian Inheritance in Man \[MIM\] ID 204000; [@bib45]) and retinitis pigmentosa (RP; MIM ID 300029; [@bib17]). To understand the mechanism of nonsyndromic ciliopathies, we investigated the photoreceptor connecting cilium (CC), a putative structural and functional homologue of the TZ in primary cilia.

The TZ is the proximal-most region of the ciliary axoneme that functions to compartmentalize the ciliary proteome. The TZ houses evolutionarily conserved protein complexes such as the Meckel syndrome (MKS; MIM ID 249000) complex (TCTN1, TCTN2, TMEM231, TMEM67, MKS1, MKS6, B9D1, B9D2, and AHI1) and the nephronophthisis syndrome (NPHP; MIM ID 256100) complex (NPHP1, NPHP4, and RPGRIP1L \[RP GTPase regulator (RPGR)-interacting protein 1 (RPGRIP1)-like protein\]). Members of these complexes interact among themselves and enable associations between the axoneme and the ciliary membrane, thereby maintaining the ciliary gate/barrier that regulates both ciliogenesis and protein trafficking within the cilium ([@bib48]; [@bib18]; [@bib23]). Given the functional significance of the TZ in maintaining the ciliary composition, mutations in TZ genes often disrupt cilium stability, resulting in severe syndromic ciliopathy phenotypes ([@bib38]). Interestingly, mutations in three TZ module genes, spermatogenesis-associated protein 7 (*SPATA7*), *RPGRIP1*, and *RPGR*, affect exclusively the photoreceptor sensory cilium. Although the precise interactions among members of the RPGR complex are not fully characterized, RPGR directly interacts with RPGRIP1, which interacts with SPATA7, NPHP4, and other ciliary proteins to form a complex ([@bib40]; [@bib17]; [@bib31]). This RPGR complex is hypothesized to play a role in maintaining the structure and/or mediating protein transport in photoreceptor cells ([@bib31]; [@bib39]). RPGR complex members are also present at the primary cilium TZ ([@bib42]; [@bib10]), where they interact with RPGRIP1L/MKS5 and CEP290, multifunctional proteins that are crucial for the stability of both MKS and NPHP complexes ([@bib3]; [@bib20]; [@bib23]). Despite their localization at the TZ of the primary cilium, it is not understood how the loss of *SPATA7*, *RPGRIP1*, and *RPGR* specifically causes nonsyndromic retinal ciliopathies in both patients and mouse models lacking syndromic presentations ([@bib29]; [@bib9]; [@bib45]).

The photoreceptor cells contain a highly specialized form of primary cilium called the photoreceptor sensory cilium ([@bib14]). Similar to the primary cilium, the photoreceptor sensory cilium also comprises the proximal-most basal body, a TZ-like structural intermediate called the CC, as well as a specialized extension called the outer segment housed on an axoneme-like backbone. Classically, the photoreceptor CC is considered homologous to the primary cilium TZ; however, there are some key distinctions. For example, although known TZ protein complexes such as MKS and NPHP as well as other TZ proteins including CEP290 are essential in both structures ([@bib6]; [@bib33]; [@bib2]), a specialized set of ciliary proteins such as SPATA7, RPGR, and RPGRIP1 are functionally critical only for the CC ([@bib16]; [@bib36]; [@bib10]). Structurally, both the TZ and CC are marked by proteinaceous membrane connections including transition fibers (associated with the basal body), distal appendages (associated only with the base of the TZ), and the Y-links (connecting the TZ microtubule cylinder to ciliary membrane). However, the photoreceptor CC (1.5 µm in mice) extends approximately three times the length of the TZ (200--500 nm) found in other cells, suggesting that the CC is structurally more elaborate ([@bib14]; [@bib46]; [@bib28]). The strikingly unique feature of the CC is the presence of the outer segment at its distal end, a large complex membranous structure whose molecular composition is to a large extent unique to photoreceptors. It is reasonable to propose that the creation and maintenance of such an elaborate structure require unique functions within the distal CC (DCC) performed by specialized protein machinery not found in other primary cilia.

Because SPATA7 and the RPGR complex are functionally unique to the retina and their loss specifically disrupts the CC without impacting the TZ, SPATA7 is an ideal candidate to tease out differences between the TZ and the CC. To understand the photoreceptor-specific function of the TZ module proteins SPATA7, RPGRIP1, and RPGR, we investigated the CC substructure across multiple mouse models of syndromic and nonsyndromic retinal ciliopathy. Using a combination of mass spectrometry (MS) with cutting-edge superresolution microscopy and cryoelectron tomography (cryo-ET) imaging, we demonstrate for the first time the presence of two distinct zones within the CC: (1) the proximal CC (PCC), which is similar to the TZ of the primary cilium, and (2) the DCC, which is a photoreceptor-specific extension of the ciliary TZ. This specialized module of the photoreceptor sensory cilium plays an important role in maintaining the structure of the CC core, and consequently, mutations in *Spata7*, *Rpgr*, or *Rpgrip1* lead to DCC-specific defects.

Results {#s02}
=======

SPATA7 interacts with members of the NPHP--RPGR complex {#s03}
-------------------------------------------------------

In an effort to discern the functional significance of SPATA7 at the photoreceptor CC, we first sought to investigate its retina-specific interactions. Our previous research indicates that SPATA7 interacts with and is essential for the proper localization of RPGRIP1 ([@bib10]). RPGRIP1 is known to directly interact with RPGR, whereas both of which interact with NPHP4 to form the RPGR complex ([@bib17]; [@bib31]). Given the extensive protein interaction within the CC, we sought to further probe whether SPATA7 interacts with other members of the RPGR complex and other ciliopathy proteins. To this end, we performed immunoprecipitation (IP) followed by MS from *Spata7::GFP* bacterial artificial chromosome (BAC) transgenic mice. In these mice, the *Spata7::GFP* fusion protein functions as WT as it localizes to the CC and is sufficient to fully rescue retinal degeneration in the null mutant (Fig. S1). SPATA7::GFP IP from retinal extracts was performed with a high-affinity GFP nanobody that was subjected to MS. Over 160 candidate SPATA7-interacting proteins that displayed enrichment over the WT control were identified. Among them, 18 proteins showed a large enrichment (\>100-fold) over the WT control ([Fig. 1 a](#fig1){ref-type="fig"} and Table S1). As expected, the previously known SPATA7-interacting protein RPGRIP1 was detected at \>8,000-fold enrichment over the WT control. Furthermore, several known TZ proteins were also detected, including RPGR, NPHP1, NPHP4, and AHI1 ([Fig. 1 a](#fig1){ref-type="fig"}).

![**SPATA7 interacts with members of the NPHP--RPGR complex. (a)** Distribution of mean GFP/WT Skyline peptide fold change of top candidate interacting partners of SPATA7 observed over three repeats. The asterisk signifies candidates that are enriched \>1,000-fold in the GFP IP fraction in comparison with the WT control fraction. **(b)** The interaction between SPATA7 and representative RPGR was confirmed in vitro by the BiFC assay. HEK293T cells were transfected with either SPATA7-CVN alone (top) or together with RPGR-VC constructs (bottom). Strong fluorescence signals (green) were observed in cells expressing both SPATA7 and RPGR, which are quantified in c. Bar, 20 µm. **(c)** The percentage of BiFC-positive cells for all candidate-interacting partners that are known TZ module members was quantified by FACS (*t* test) in comparison with untransfected cells and SPATA7 alone. Error bars show means ± SEM.](JCB_201712117_Fig1){#fig1}

Given the localization of SPATA7 to the CC, candidate interactors that are known TZ module proteins were prioritized for further study. To confirm SPATA7 interaction with candidate proteins, we performed in vitro bimolecular fluorescence complementation (BiFC) assays. In these experiments, we quantified the fluorescence signals generated by complementation of interaction between C-terminal YFP-tagged bait protein (bait-VC) and N-terminal YFP-tagged SPATA7 (SPATA7-CVN). FACS-based quantification of YFP fluorescence in cells cotransfected with SPATA7-CVN and bait-VC displayed a significantly higher cell population that was positive for YFP signal compared with the negative controls ([Fig. 1, b and c](#fig1){ref-type="fig"}). These data indicate that SPATA7 directly interacts with components of the RPGR--NPHP complex, specifically RPGR, AHI1, NPHP1, NPHP4, and RPGRIP1.

SPATA7 interactors and other ciliopathy proteins display distinct localization patterns within the CC {#s04}
-----------------------------------------------------------------------------------------------------

Unlike other TZ genes, null mutations in *SPATA7*, *RPGRIP1*, or *RPGR* cause nonsyndromic retina-specific ciliopathies characterized by photoreceptor degeneration in patients ([@bib29]; [@bib9]; [@bib45]). This tissue-specific phenotype is consistently recapitulated in corresponding mouse models ([@bib16]; [@bib49]; [@bib10]). To understand the underlying mechanism of this phenotype, we examined the immunolocalization of SPATA7, RPGRIP1, and RPGR proteins and other TZ markers at the CC of the mouse retina. We used acetylated α-tubulin as a marker to label the tubulin-based cytoskeletal core of the cilium. At the photoreceptor CC, acetylated α-tubulin marked the entire CC, along with ∼0.2 µm of the microtubules extending into the outer segment. We observed that SPATA7, RPGRIP1, and RPGR were localized along the entire length of the CC ([Fig. 2, a and b](#fig2){ref-type="fig"}). We further assessed the CC localization of syndromic ciliopathy proteins (representatives of the NPHP--MKS complex), which are observed at the primary cilium TZ, including NPHP1, NPHP4, AHI1, MKS1, and SDCCAG8. Members of the NPHP complex that were observed to interact with SPATA7, including NPHP1 and NPHP4, showed protein localization throughout the entire CC, similar to SPATA7, RPGR, and RPGRIP1 ([Fig. 2 b](#fig2){ref-type="fig"}). In contrast, other TZ proteins such as MKS1 (MKS complex) and SDCCAG8 showed a distinct protein localization at the proximal end of the CC ([Figs. 3 a](#fig3){ref-type="fig"} and S3 a). Interestingly, AHI1, a protein that biochemically associates with the MKS proteins and genetically interacts with NPHP1, displays a localization pattern similar to NPHP--RPGR complex proteins at the CC ([Fig. 2 b](#fig2){ref-type="fig"}; [@bib26]; [@bib5]). Therefore, based on the localization of TZ protein at the CC, there appear to be two distinct subregions within the CC ([Fig. 2 c](#fig2){ref-type="fig"}): the PCC, housing all major TZ complexes including the NPHP, RPGR, and MKS complex, and the DCC, which houses photoreceptor-specific ciliary proteins SPATA7-RPGR-RPGRIP1 and their interactors.

![**Loss of SPATA7 leads to exclusion of its interacting proteins from the distal region of CC. (a)** Retinal cryosections (P15) were costained for SPATA7 (green) and acetylated α-tubulin (red) marking the entire CC of photoreceptors and ∼0.2 µm of the outer segment (OS). Single-cilium image shows localization of SPATA7 throughout the length of the CC. Bar, 10 µm. ONL, outer nuclear layer. **(b and d)** Immunofluorescence of retinal cryosections (P15) displaying localization of AHI1, NPHP1, NPHP4, RPGRIP1, and RPGR (green) at the CC marked by acetylated α-tubulin (red) in a WT (b) and *Spata7* mutant background (d). Representative single-cilium images display localization of the protein signal at the base of CC in the *Spata7* mutant (fourth column) in comparison with CC-wide localization in the WT retina (second column). Bars: (main images) 5 µm; (single-cilium images) 1 µm. **(c)** Model depicting the DCC and PCC within the CC of photoreceptor outer segments. **(e)** Box plots displaying IQRs of localization signal length for 20 cilia/protein in WT and *Spata7* mutant retinae across three repeats (\*, P \< 0.0001; unpaired *t* test). The whiskers extend to data points that were \<1.5× IQR away from first/third quartiles. **(f)** Representative 2D STORM reconstruction of the CC displaying AHI1 (green) and acetylated α-tubulin (red) in the WT (top) and *Spata7* mutant retina (bottom). The intensity of individual fluorophores was plotted along the length of the CC to determine the length of overlap between AHI1 signal and CC (rightmost panel). Bars, 200 nm.](JCB_201712117_Fig2){#fig2}

![**The DCC is specifically disrupted in the absence of SPATA7. (a)** Immunohistofluorescence displaying localization of SDCCAG8 (green) and acetylated α-tubulin (red) marking the CC or γ-tubulin (purple) marking the basal body of the photoreceptor sensory cilium in WT and *Spata7* mutant retinae. **(b)** Retinal immunofluorescence displaying similar localization pattern in IFT52 and C21ORF2 (green) at basal body (as indicated by arrows) and RP1 at the axoneme in both WT and *Spata7* mutant retinae. **(c)** Immunohistofluorescence displaying localization of AHI1, NPHP4, and RPGR shown in green in the CC of *Sdccag8*^mut^ mice retinae (P15). Bars, 5 µm.](JCB_201712117_Fig3){#fig3}

Loss of SPATA7 results in mislocalization of the RPGR and NPHP proteins from the DCC region {#s05}
-------------------------------------------------------------------------------------------

Previously, we reported a loss-of-function *Spata7* mutant mouse model that displayed a rapid onset of photoreceptor degeneration recapitulating the human Leber congenital amaurosis phenotype ([@bib10]). Immunofluorescence analysis of RPGRIP1 in the *Spata7* mutant retina displayed partial mislocalization from the CC to the photoreceptor cell body, suggesting a dependence on SPATA7 for its ciliary localization. Given that two distinct localization patterns were observed within the CC, we sought to more thoroughly analyze the role of SPATA7 in the localization of its interacting proteins (RPGR, AHI1, NPHP1, NPHP4, and RPGRIP1) to these subregions---particularly the DCC region---using immunofluorescence localization. To this end, we assessed *Spata7* mutant retinae at P15, a time point that precedes the onset of photoreceptor degeneration, displaying a largely normal retinal histology with intact CC and outer nuclear layers ([@bib10]). Strikingly, compared with the WT localization along the entire ∼1.5-µm length of the CC, all interacting partners of SPATA7 were undetectable at the DCC region, whereas they retained localization at PCC (∼0.6 µm) in *Spata7* mutant photoreceptors ([Fig. 2 d](#fig2){ref-type="fig"}; quantified in [Fig. 2 e](#fig2){ref-type="fig"}). To further confirm whether these interactors are localized within the CC, we examined their localization at the basal body that was the immediate proximal region to the CC. Coimmunostaining of AHI1 and NPHP1 with the basal body marker γ-tubulin displayed a localization signal distal to the basal body, confirming that these interactors indeed localize within the CC (Fig. S3 b). On further assessment of the ciliary protein localization within the photoreceptor cell body, we observed that AHI1, which localizes to the CC, was now also detected within the photoreceptor cell body, specifically the outer nuclear layer region in the *Spata7* mutant (Fig. S4).

Because the CC subregions range from ∼500 nm (PCC) to ∼600 nm (DCC) in length, subciliary protein localization within these regions of the photoreceptor CC is not conclusive with conventional microscopy methods because of low resolution but rather requires more powerful techniques such as electron microscopy or more recently developed superresolution microscopy ([@bib46]). To assess the subciliary distribution of TZ proteins at the CC, we used a new application of stochastic optical reconstruction microscopy (STORM) in WT and *Spata7* mutant retinae. Consistent with our fluorescence immunolocalization results, STORM reconstruction of AHI1 signal at the CC of *Spata7* mutant rod cells ([Fig. 2 f](#fig2){ref-type="fig"}) revealed that AHI1 is restricted to the proximal end of the CC, in contrast with the full distribution in WT rod CC. This evidence suggests that SPATA7 is essential for localization of DCC proteins to the distal end of the CC.

The DCC is specifically disrupted in the absence of SPATA7 {#s06}
----------------------------------------------------------

To determine the impact of SPATA7 loss on other key structures of the photoreceptor sensory cilium, we assessed the localization of proteins that are normally housed in different structural modules of the sensory cilium, namely the PCC, the basal body, and the axoneme. First, proteins that localize specifically to the PCC region, namely MKS1 and SDCCAG8, were assessed in *Spata7* mutant retinae. In contrast with DCC proteins, PCC-resident proteins displayed normal localization within the CC in the absence of SPATA7 ([Figs. 3 a](#fig3){ref-type="fig"} and S3 a). In *Spata7* mutant retinae, the localization of C21ORF2, a basal body--resident protein, also remained unaffected ([Fig. 3 b](#fig3){ref-type="fig"}; [@bib47]). The axoneme of the sensory cilium extends beyond the CC and supports the outer segment disks in the photoreceptors. Axoneme marker RP1 decorates the microtubules of the outer segment and does not display overlap with CC proteins like RPGR ([@bib25]). Consistent with previous literature, RP1 localized beyond the CC, displaying slight overlap with the tip of acetylated α-tubulin, which extended into ∼0.2 µm of the axoneme ([Fig. 3 b](#fig3){ref-type="fig"}). In the *Spata7* mutant retina, RP1 localization was unaffected and consistently decorated the outer segment axoneme ([Fig. 3 b](#fig3){ref-type="fig"}). Finally, we assessed a ciliary transporter protein that transiently shuttles between the inner segment and outer segment, IFT52, for localization at the sensory cilium of the *Spata7* mutant retina ([@bib34]). In contrast with SPATA7 and its interactors, IFT52 was detected at the basal body and retained its normal localization pattern in the *Spata7* mutant retina ([Fig. 3 b](#fig3){ref-type="fig"}). These data suggest that the absence of SPATA7 does not substantially impact the protein composition of PCC and other sensory cilium substructures.

To further test whether protein localization at the DCC can be disrupted by the loss of a PCC protein, we examined CC profile in the retina of *Sdccag8^mut^* mice. Unlike DCC proteins, loss of *Sdccag8* causes syndromic ciliopathies such as Senior-Loken syndrome and Bardet-Biedl syndrome ([@bib41]) with a component of retinal degeneration. We investigated the localization of DCC proteins AHI1, RPGR, and NPHP1 in the retinae of *Sdccag8^mut^* mice. Despite the presence of significant background caused by retinal detachment in this mouse model, we observed that the localization pattern of these DCC proteins in rod cilia consistently remained unchanged ([Fig. 3 c](#fig3){ref-type="fig"}). Collectively, these data suggest that the mislocalization of SPATA7-interacting proteins in *Spata7* mutant retinae do not reflect a general CC defect but rather a specific loss of DCC integrity.

Loss of *Spata7* leads to microtubule destabilization in the DCC {#s07}
----------------------------------------------------------------

The major distinction between the primary cilium and photoreceptor sensory cilium is the presence of an elaborate photoreceptor outer segment that anchors to the photoreceptor cell body via the CC. Since the distal end of the CC serves as the point of attachment to the outer segment, it is possible that the DCC provides structural stabilization, whereas the PCC acts as a sorting and transportation site, similar to its role in prototype primary cilium. In such a case, we hypothesize that structural defects of the CC would be expected in absence of the DCC proteins at the distal end. To test this hypothesis, we performed cryo-ET on isolated rod outer segment (ROS) fragments, which include the CC and a portion of the inner segment regions, from WT and *Spata7* mutant mice at P14. With this technique, ROS cilia were snap frozen for visualization of the 3D architecture of the CC in its biological state using EM tomography ([@bib14]). In *Spata7* mutant ROS tomograms, the microtubule core of photoreceptor CC appeared fragile and consistently (across multiple tomograms from *n* = 4 P14 mice/genotype) displayed unraveling and flattening of the microtubule doublets in the DCC region compared with the tightly organized microtubule core in the WT ([Fig. 4, a and b](#fig4){ref-type="fig"}). As a result, the diameter of the cytoskeleton was wider at the DCC (WT radius, 203 nm; *Spata7* mutant radius, 393 nm) in comparison with the PCC region (WT radius, 183 nm; *Spata7* mutant radius, 238 nm; [Fig. 4 \[c and e\]](#fig4){ref-type="fig"} vs. [Fig. 4 \[d and f\]](#fig4){ref-type="fig"}). The basal body substructures were relatively intact in *Spata7* mutant ROS fragments except for a marked tendency to be flattened. This microtubule-unraveling phenotype could also be clearly observed by examining the 3D architecture of the DCC and PCC regions of the *Spata7* mutant photoreceptor CC (as shown in Video 1).

![**Cryo-ET of isolated rods displaying microtubule destabilization in the DCC. (a and b)** Projections of tomogram slices showing CC from WT and *Spata7* mutant mice (*n* = 4 mice/genotype assessed at P14). Bars, 150 nm. **(c and d)** Tomogram projections of CC cross sections from WT (c) and *Spata7* mutant (d) mice. The cross-section views are along the z axis in the proximal-to-distal direction, with positions indicated by the horizontal lines in a and b displaying the PCC at the bottom and the most distal region at the top. Bars, 100 nm. **(e and f)** Segmented version of WT and *Spata7* mutant tomograms with continuous isodense surfaces colored as green (A-microtubule), purple (B-microtubule), and red (C-microtubule). Cross-sectional segments at the DCC and PCC regions are displayed on the right showing the intact complex at the PCC and a progressive unraveling of the microtubule core toward the DCC.](JCB_201712117_Fig4){#fig4}

Given that the microtubule core in the *Spata7* mutant was destabilized and unraveled in the distal CC, we hypothesized that proteins housed inside the lumen of microtubule core of the CC such as centrin-2 ([@bib13]) would also be affected. In the photoreceptor sensory cilium, centrin-2 is uniquely localized along the entire length of the CC in contrast with the primary cilium, where it is largely restricted to the centrioles. Although this localization pattern was consistently observed in the WT photoreceptors, centrin-2 immunostaining was significantly reduced in the DCC in *Spata7* mutant photoreceptors ([Fig. 5, a and b](#fig5){ref-type="fig"}). This mislocalization phenotype was recapitulated with the STORM technique, where the centrin-2 distribution was clearly excluded from the *Spata7* mutant DCC ([Fig. 5 c](#fig5){ref-type="fig"}), thereby supporting our hypothesis of destabilization of the microtubule core in the DCC of the *Spata7* mutant photoreceptors.

![**Microtubule destabilization in the DCC leads to loss of centrin-2. (a)** Immunofluorescence images of retinal cryosections (P15) displaying localization of centrin-2 (green) and acetylated α-tubulin (red) marking the CC in WT and *Spata7* mutant background. Representative single-cilium image displays localization of the protein signal at the base of CC in the *Spata7* mutant. Bars: (main images) 5 µm; (single-cilium images) 1 µm. **(b)** Box plots display the IQR of localization signal length quantified for 20 cilia/protein in WT and *Spata7* mutant retina (\*, \*\*, P \< 0.0001; unpaired *t* test). The whiskers extend to data points that were \>1.5× IQR away from first/third quartiles. **(c)** Representative 2D STORM reconstruction of the CC displaying centrin-2 (green) and acetylated α-tubulin (red) in the WT (left) and *Spata7* mutant retinae (right) with localization length evident from the fluorophore intensity plots on the right. Bars, 200 nm.](JCB_201712117_Fig5){#fig5}

*Cep290* as a downstream effector of *Spata7* {#s08}
---------------------------------------------

Although the loss of SPATA7 leads to mislocalization of its interactors from the DCC, it is unclear how this results in microtubule destabilization in the DCC core as its interactors are not known to play a structural role. Hence, we questioned whether other ciliary proteins that are likely to play a structural role, such as CEP290, are affected in the *Spata7* mutant. CEP290 is the proposed protein component of the dense proteinacious Y-links that connect the axoneme microtubules to the ciliary membrane in both *Chlamydomonas reinhardtii* flagella and primary cilia ([@bib6]; [@bib7]). In the mouse retina, we determined that CEP290 localized to both the DCC and PCC in P15 WT photoreceptors ([Fig. 6 a](#fig6){ref-type="fig"}). In the *Spata7* mutant photoreceptors, however, CEP290 was absent from the DCC region, whereas it normally localized at the base of the CC in a restricted fashion similar to the DCC proteins ([Fig. 6, a and b](#fig6){ref-type="fig"}). This distribution pattern was further confirmed by STORM reconstruction of CEP290 at the CC, in which CEP290 was primarily detected at PCC region ([Fig. 6 c](#fig6){ref-type="fig"}). Although CEP290 has not been detected as an interacting partner of SPATA7 in our IP--MS analysis, it has been reported to interact with RPGR, a DCC protein that directly interacts with SPATA7 ([@bib37]). Hence, we hypothesize that SPATA7 and CEP290 may still functionally interact, perhaps mediated by RPGR complex members.

![**Loss of Cep290, a putative protein component of Y-links, causes microtubule destabilization in *Spata7* mutant photoreceptors. (a)** Immunofluorescence images displaying localization of CEP290 (green) throughout CC marked by acetylated α-tubulin (red) in WT and reduction of localization signal to the PCC region in the *Spata7* mutant background. Bars: (main images) 5 µm; (single-cilium images) 1 µm. **(b**) Box plots display the IQR of CEP290 localization signal length quantified for 20 cilia/protein in WT and *Spata7* mutant retina (\*, P \< 0.0001). The whiskers extend to data points that were \>1.5× IQR away from first/third quartiles. **(c)** Representative 2D STORM reconstruction of the CC displaying CEP290 (green) and acetylated α-tubulin (red) throughout the WT CC (left) and at the PCC region in the *Spata7* mutant retina (right) with localization length evident from the fluorophore intensity plots on the right. Bars, 200 nm. **(d)** Hematoxylin and eosin (H&E) staining of paraffin-embedded retinal sections from *Spata7^+/−^*, *Spata7^−/−^*, and *Spata7^−/−^;Cep290^rd16/+^* background assessed at P20 display severe loss of photoreceptor nuclei (outer nuclear layer \[ONL\]) on a *Spata7^−/−^;Cep290^rd16/+^* background. Bars, 20 µm. INL, inner nuclear layer.](JCB_201712117_Fig6){#fig6}

Given the potential indirect interaction between SPATA7 and CEP290 at the DCC, we further investigated genetic interactions between *Cep290* and *Spata7* genes. Specifically, we tested whether *Cep290* can act as a dominant modifier for the *Spata7* mutant retinal degeneration phenotype. *Cep290^rd16^* is a recessive hypomorphic allele resulting in an in-frame deletion of 298 amino acids of *Cep290* that leads to a slow onset of retinal degeneration when homozygous ([@bib3]). When one allele of *Cep290^rd16^* was introduced in the *Spata7* mutant background, severe photoreceptor degeneration was evident as early as P20 with a significant reduction of the outer nuclear layer thickness ([Fig. 6 d](#fig6){ref-type="fig"}). This degeneration phenotype was much more severe than that of the *Spata7* mutant mice, which presented minimal photoreceptor loss at P20, indicating a strong in vivo genetic interaction between these two genes. Thus, CEP290 is a likely downstream effector of SPATA7 and its interacting partners.

SPATA7 is sufficient to apically extend the location of TZ proteins at the primary cilia {#s09}
----------------------------------------------------------------------------------------

Our data demonstrate that the CC can be divided into DCC and PCC. The DCC houses a specialized subset of TZ proteins that extends beyond the PCC. Furthermore, SPATA7 is essential for the proper localization of RPGR, RPGRIP1, and other interactors at the DCC. However, the mechanism of inducing the apical extension of the RPGR complex beyond the TZ-like PCC to form the photoreceptor-specific DCC is not understood. Given the differential SPATA7 level among photoreceptor and other cell types, it is plausible that the high level of SPATA7 in photoreceptors is sufficient to drive the extension of its interacting TZ proteins into the DCC. To test this hypothesis, we examined whether moderate overexpression of SPATA7 in primary cilia is sufficient to apically extend the localization of SPATA7 interactors into the ciliary axoneme. We ectopically expressed SPATA7 fused to an N-terminal GFP tag in ciliated hTERT RPE-1 cells and evaluated the localization of endogenous AHI1. Endogenous expression of AHI1 was observed at the TZ of the primary cilium in hTERT-RPE1 cells ([Fig. 7 a](#fig7){ref-type="fig"}). Consistent with a previous study, modest SPATA7 overexpression was not restricted to the TZ of primary cilia but rather decorated the entire axoneme ([@bib10]). Strikingly, we observed that the localization of AHI1 was shifted apically along the length of the ciliary axoneme upon expression of GFP-SPATA7 ([Fig. 7 a](#fig7){ref-type="fig"}). Further assessment of the endogenous expression of another TZ protein (RPGR complex member RPGRIP1L) consistently displayed apical extension along the ciliary axoneme in the presence of mild overexpression of SPATA7 (Fig. S5, a and b). This result demonstrates that modest overexpression of SPATA7 is sufficient to extend the TZ protein localization apically in the primary cilium. SPATA7 can thus serve as a key protein in inducing localization of other DCC proteins to apical regions of the CC.

![**SPATA7 extends AHI1 localization apical of the TZ in primary cilia. (a)** Endogenous AHI1 (white) localizes at the TZ of the primary cilium, marked by acetylated α-tubulin in hTERT-RPE1 cells (left). Ectopic expression of hSPATA7-GFP (right) induces apical extension of the endogenous AHI1 localization signal beyond the TZ into the ciliary axoneme (subsets display zoomed images of AHI1 \[white\], acetylated α-tubulin \[red\], SPATA7-GFP, and DAPI). Bars: (main images) 10 µm; (insets) 2 µm. **(b)** Model displaying the CC zones PSTZ at the DCC and PCC that are visible in the *Spata7* mutant retinae. The CC is comprised of PCC, a region homologous to the TZ of the primary cilium, and PSTZ, a specialized photoreceptor-specific zone of the CC that is crucial for maintenance of the CC microtubule core. OS, outer segment.](JCB_201712117_Fig7){#fig7}

Discussion {#s10}
==========

The photoreceptor CC has been classically defined as a homogenous, elongated structural homologue of the TZ present in the prototypic primary cilium. Although composed of similar biochemical modules as the TZ, it is unclear how a structurally elaborate CC is established and maintained within the photoreceptors. In this study, we have identified distinct protein localization patterns within the CC substructure using high-resolution microscopy on mouse models of photoreceptor ciliopathy. Based on the protein composition, we define two novel CC zones ([Fig. 7 b](#fig7){ref-type="fig"}): a PCC, which is similar to the TZ of the primary cilium and houses all major TZ complexes (NPHP, MKS, and RPGR), and a DCC zone spanning the distal two thirds of the CC, which is shown to be occupied by SPATA7 interactors. The DCC is structurally unique to the photoreceptor and is maintained by retina-specific ciliopathy protein, SPATA7, and its interacting partners RPGR and RPGRIP1. Loss of these key proteins, particularly SPATA7, leads to mislocalization of DCC proteins, which are essential for photoreceptor sensory cilium stability. Hence, this region acts as a photoreceptor-specific TZ (PSTZ; [Fig. 7 b](#fig7){ref-type="fig"}) within the CC. This study demonstrates that SPATA7 is not only essential for maintaining the integrity of the DCC but also plays a likely role in driving protein localization into the DCC. In vitro assays revealed that SPATA7 is sufficient for the apical translocation of the TZ proteins AHI1 and RPGRIP1L in primary cilia, suggesting that functionally, SPATA7 may be one of the key drivers that can induce an apical extension of TZ proteins within the photoreceptor sensory cilium. Consistent with this model, our data reveal physical interactions between SPATA7 and a panel of DCC proteins (RPGR, RPGRIP1, NPHP1, NPHP4, and AHI1), whereas protein components of PCC were not found among SPATA7 interactors such as SDCCAG8 (previously associated with the RPGR complex; [@bib33]), MKS1, or other components of the MKS module (Table S1).

Sub-CC localization of TZ-module proteins has been observed in a few previous publications ([@bib32]; [@bib33]; [@bib19]). For example, in accordance with our model in which MKS module proteins localize to the PCC region, CC2D2A/MKS6 is observed at the proximal region of CC in a zebrafish model ([@bib1]). However, the precise functional significance of such a sub-CC localization has not been investigated. This study provides the first functional evidence of DCC as a distinct region and highlights the specific role of SPATA7 in the localization of proteins to the DCC. The mislocalization phenotype observed in the *Spata7* mutant model suggests the presence of intermediate steps in the localization of ciliary proteins to CC. It is established that ciliary targeting of RPGR complex proteins to the CC is dependent on RPGRIP1 ([@bib33]). In this study, we have established that although these proteins can successfully localize to the PCC (mediated at least in part by RPGRIP1), they depend on SPATA7 for their localization to the DCC. Hence, we propose that SPATA7 functions in conjunction with RPGRIP1 for proper localization and function of the DCC proteins.

The DCC in *Spata7* mutant photoreceptors displays an unraveled and disassociated microtubule core, indicating that the DCC proteins together structurally support the microtubule core and aid in a tight 9(2) + 0 formation in the DCC. The DCC lies immediately proximal to the outer-segment disk compartment. Consequently, destabilization of the DCC structure can impact ciliary transport and affect outer-segment disk renewal. In accordance, the previous investigation of *Spata7* mutant outer segment ultrastructure has displayed shortened and disorganized disk membranes, suggesting an impact of the flattening of DCC structure on disk formation ([@bib10]). Although overexpressed SPATA7 decorates the cellular microtubule network in vitro (Fig. S5 c), it remains unclear whether SPATA7 directly mediates microtubule stability in the CC or acts through other microtubule-binding DCC proteins such as NPHP1, NPHP4, and RPGRIP1 ([@bib30]; [@bib33]; [@bib10]). Of particular interest is FAM161a, a microtubule-binding protein that localizes to the photoreceptor CC and basal body. Ultrastructural analysis of the photoreceptors in the Fam161a(GT/GT) mouse displays microtubule destabilization at the DCC similar to that observed in the *Spata7* mutant mouse. However, it also shows several phenotypes, including shortening of the ciliary length, RP1 mislocalization, reduction in PRPH2 housed in the outer segment, and perpendicular orientation of the outer-segment disks that are inconsistent with the *Spata7* model ([@bib19]). Given the DCC core destabilization phenotype in the FAM161a mouse model, it serves as an interesting candidate DCC protein that may play a similar role as SPATA7--RPGR--NPHP proteins in the CC, warranting further investigation.

In conclusion, our study provides the evidence of a novel PSTZ at the distal end of CC. Loss of key DCC proteins such as SPATA7 along with RPGR--NPHP complex members results in destabilization of the axonemal structure and ultimately photoreceptor degeneration. Characterization of this photoreceptor-specific ciliary subregion provides a new mechanistic explanation for the retinal-specific phenotypes caused by mutations in the ciliopathy gene *SPATA7* and its interacting *RPGR* as well as *RPGRIP1* genes. Given the highly specialized nature of the sensory cilium, further studies focusing on these primary cilia specializations can improve our understanding of mechanisms underlying the pleiotropic presentation of ciliopathy phenotypes.

Materials and methods {#s11}
=====================

Animal breeding, mouse models, and genetic interaction {#s12}
------------------------------------------------------

All animals were handled in accordance with the policies on the treatment of laboratory animals by Institutional Animal Care and Use Committee of Baylor College of Medicine. Mice were housed on a standard diet and in a 12-h light to 12-h dark cycle. For all experiments, P15 *Spata7* ([@bib10]) mutant mice were compared with age-matched WT C57BL6/J mice unless otherwise specified. Although high expression of *Spata7* was observed in the testis, there were no fertility issues observed in the mutants. To generate the EGFP-tagged *Spata7* transgenic mice, an EGFP cDNA was inserted immediately before the *Spata7* stop codon of a BAC containing the entire *Spata7* gene. A linearized BAC DNA vector was injected into C57 mouse embryos in the Genetically Engineered Mouse core facility at Baylor College of Medicine. Transgene expression was characterized by immunohistochemistry. The *Spata7*-EGFP transgene appeared to be expressed at physiological levels with the same expression pattern as the endogenous *Spata7* gene in the mouse retina. The following primer pair was used for genotyping: forward, 5′-AACCTCTGTGGATGTCATTGAAG-3′; and reverse, 5′-AGAAGTCGTGCTGCTTCATGT-3′. The *SDCCAG8^mut^* mice line (OVE2161B-CA1C-2; Sdccag8; 017598; The Jackson Laboratory; a gift from P. Overbeek, Baylor College of Medicine, Houston, TX) was generated by using the Sleeping Beauty transposon transgenic approach. These mice harbored a mutation created by random insertion of the pT2-BART3 transposon. The donating investigator reported that the integration site was in the intron after exon 12 of the serologically defined colon cancer antigen 8 gene (*Sdccag8*) on chromosome 1 using inverse PCR analysis. The transgene is linked to the + strand at position 178,833,225 bp (NCB137/mm9; L:SV40:178,833,225^+^). The *Sdccag8* transcript was not detected in mice homozygous for this insertion. *SDCCAG8^mut/mut^* offspring were observed at lower-than-predicted Mendelian ratios. All homozygous mice exhibited cleft palates with an open palate observed by E15. For genetic interactions, *Spata7* mutant mice (on a C57BL6/J background; [@bib10]) were crossed with B6.Cg-*Cep290rd16*/Boc (*Cep290rd16/rd16*; procured from The Jackson Laboratory on a C57BL6 background) to generate *Spata7^−/−^; Cep290^rd16/+^* mice.

IP and liquid chromatography (LC)--tandem MS (MS/MS) analysis {#s13}
-------------------------------------------------------------

For coimmunoprecipitation experiments, retinae from five adult *Spata7*-GFP transgenic and five adult WT mice (per replicate across three replicates) were lysed in the IP buffer (20 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.5% NP-40, and protease inhibitor cocktail tablets \[11836170007; Roche\]) by homogenization followed by sonication. The lysates were precleared using binding control beads (bab-20; ChromoTek) followed by IP with GFP--trap-A (gta-20; ChromoTek) beads. After washes, beads were boiled in 20 µl of 1× NuPAGE lithium dodecyl sulfate sample buffer (Invitrogen) and subjected to SDS-PAGE (NuPAGE 10% Bis-Tris gel; Invitrogen). The eluted proteins were visualized with Coomassie brilliant blue and excised into gel pieces according to molecular size. Individual gel pieces were destained and subjected to in-gel digestion using trypsin (T9600; GenDepot). Tryptic peptides were resuspended in 10 µl loading solution (5% methanol containing 0.1% formic acid) and subjected to nanoflow LC-MS/MS analysis with a nano-LC 1000 system (Thermo Fisher Scientific) coupled to an Orbitrap Elite (Thermo Fisher Scientific) mass spectrometer. The peptides were loaded onto a Reprosil-Pur basic C18 high-performance liquid chromatography precolumn (1.9 µm; Dr. Maisch GmbH) that was 2 cm × 100 µm in size. The precolumn was switched in-line with an in-house 50 mm × 150 µm analytical column packed with Reprosil-Pur basic C18 equilibrated in 0.1% formic acid/water. Peptides were eluted using a 75-min discontinuous gradient of 4--26% acetonitrile/0.1% formic acid at a flow rate of 700 nl/min. The eluted peptides were directly electrosprayed into an Orbitrap Elite mass spectrometer operated in the data-dependent acquisition mode acquiring fragmentation spectra of the top 25 strongest ions and under the direct control of Xcalibur software (Thermo Fisher Scientific).

Database search and data validation {#s14}
-----------------------------------

Obtained MS/MS spectra were searched against the target-decoy mouse RefSeq database in the Proteome Discoverer 1.4 interface (Thermo Fisher Scientific) with the MASCOT algorithm (2.4; Matrix Science). The precursor mass tolerance was confined within 20 ppm with fragment mass tolerance of 0.5 D and a maximum of two missed cleavages allowed. Dynamic modification of oxidation, protein N-terminal acetylation, and destreak was allowed. The peptides identified from the MASCOT result file were validated with a 5% false discovery rate and subjected to manual verifications for correct assignment.

Protein quantification {#s15}
----------------------

The intensity-based absolute quantification (iBAQ) algorithm was used to calculate protein abundance to compare the relative amounts of different proteins in the sample. Simply, iBAQ was calculated based on normalization of summed peptide intensity divided by the number of theoretically observable tryptic peptide of a certain protein. The PD1.4 result file and the RAW file from MS was then imported to Skyline software to carry out manual relative quantification (Fig. S2). Each individual peptide was validated by checking for its ID from the PD1.4 result, and the missing peptides were selected by the match-by-run approach. The area under the curve for each peak was adjusted based on the retention time. Finally, the sum of the area under the curve of all precursor ions (for each peptide) was calculated.

BiFC {#s16}
----

The BiFC assay was performed as previously described ([@bib4]). In brief, cDNAs from genes encoding candidate SPATA7-interacting proteins (RPGR, AHI1, NPHP1, NPHP4, and RPGRIP1) were cloned in the bait-VC and cotransfected with *SPATA7* construct tagged with SPATA7-CVN. Constructs expressing SPATA7-CVN (the N terminus of Venus YFP) and bait-VC (the C terminus of Venus YFP) were transfected into 293T cells. After 48 h, fluorescence signals generated by the complementation between N- and C-terminal YFP as a result of SPATA7 binding with its interacting partner was visualized using fluorescence microscopy and quantified by FACS. Cells expressing only SPATA7-CVN or empty vector were used as controls.

Immunofluorescence {#s17}
------------------

For evaluation of protein localization in photoreceptor cells of WT and *Spata7* mutant mice, unfixed eyes of 14-d-old mice were harvested and snap frozen in cryoembedding optimal cutting temperature medium at −80°C. Retinal sections were fixed and subsequently treated with blocking buffer (10% normal goat serum in PBS + 0.1% Triton X-100) for 1 h. Sections were then incubated overnight at 4°C with corresponding primary antibodies (Table S2) diluted in blocking buffer. Species-specific fluorescently conjugated secondary antibody (Bethyl Labs) in blocking buffer was applied, followed by washes in PBS. To avoid bleedthrough and cross-emission, Al-488 (excitation wavelength spectrum, 400--530 nm) and Cy5 (wavelength spectrum, 545--700 nm) were used as secondary antibodies with well-separated spectral profiles. Sections were counterstained with DAPI (1 µg/ml) and mounted using ProLong Gold antifade reagent (Thermo Fisher Scientific). For GFP staining, we used paraffin-embedded retinal sections as described previously ([@bib24]). Representative images were acquired on AxioObserver Z.1 inverted fluorescence microscope with Apotome.2-based optical sectioning and structured illumination on a 100× enhanced chemiluminescence Plan Apochromat objective (ZEISS). Images were processed with Zen 2 core software (ZEISS). To observe the localization of proteins within the CC, image stacks were taken with a z distance spanning the entire length of CC (using acetylated α-tubulin as a reference for the CC) and projected as a maximum-intensity image followed by length measurement using the Zen 2 core software measurement module. Measurements for 20 cilia per genotype were recorded across three repeats. CC that were present in a region of high background or in a retinal segment overlaying the outer nuclear layer were not assessed for localization signal length as the background interfered with proper length assessment. Ciliary axonemes were imaged with the Cy5 fluorophore (unless otherwise specified) and false colored to exhibit red cilia in the image.

Immunocytochemistry {#s18}
-------------------

The hTERT-RPE1 cells were grown on 12-well plates until reaching 90% confluency. To induce cilia growth, cells were fed with serum-starvation medium (DMEM/F12; 0.2% FCS + 1% penicillin/streptomycin + 1% sodium pyruvate). 24 h after starvation, cells were transfected with DNA plasmids using Lipofectamine 2000 (Invitrogen) with a 1:2.5 ratio as per the manufacturer's instructions. 24 h after transfection, cultured cells were fixed with 2% PFA for 20 min at RT followed by 1% Triton X-100 treatment for 3 min and blocking with 2% BSA for 20 min. Subsequently, cells were incubated with primary antibodies (anti-RPGRIP1L \[guinea pig; 1:500; SNC040\], anti-AHI1 \[rabbit; 1:200\], mouse anti-FLAG \[1:500; F3165; Sigma-Aldrich\], and mouse antiacetylated α-tubulin antibody \[1:200; Sigma-Aldrich\]) diluted in blocking solution for 1 h. After incubation, cells were washed three times with PBS and incubated with the corresponding Alexa Fluor--conjugated secondary antibody (Thermo Fisher Scientific or Molecular Probes). Finally, slides were washed three times in PBS for 5 min and mounted in ProLong Gold mounting medium (Invitrogen). Cells that displayed destabilization of the cytoskeleton caused by very high levels of ectopic SPATA7 expression were excluded from analysis (Fig. S5 c).

STORM immunofluorescence and resin embedding {#s19}
--------------------------------------------

P15 mouse retinae from either *Spata7* mutant mice or WT controls were immunolabeled as a whole retina in solution for STORM following a two-step protocol. First, retinae were dissected unfixed in ice-cold Ames's medium (Sigma-Aldrich) and blocked with 10% normal goat serum + 0.3% saponin + 1× protease inhibitor cocktail (GenDepot) diluted in 1× Ames's medium for 2 h at 4°C. Unfixed labeling of the retina is necessary for complete antibody penetration to the CC axoneme as described previously ([@bib11]; [@bib15]). Primary antibodies (5--10 µg) were added to blocking buffer and incubated at 4°C for 20--22 h. Retinae were washed three times for 5 min in 2% normal goat serum in Ames' medium on ice before secondary antibodies (Fab2 goat anti--mouse IgG Alexa Fluor 647 and Fab2 goat anti--rabbit IgG Alexa Fluor 555; Thermo Fisher Scientific) were added in the same buffer and incubated at 4°C for 2 h. Retinae were washed in 2% next-generation sequencing (NGS)/Ames's medium six times for 5 min each on ice and fixed in 4% formaldehyde diluted in 1× PBS for 15 min.

Next, retinae were reblocked in 10% normal goat serum + 0.2% Triton X-100 (diluted in 1× PBS) for 2 h at RT. Primary antibodies (10 µg each) were read to the blocking buffer and incubated for 2 d at 4°C. This second immunohistochemistry step featured Triton permeabilization to assure complete antigen binding in and around the CC. After the second primary antibody incubation, retinae were washed 4× for 10 min each in 2% NGS/1× PBS. The same secondary antibodies were added to the wash buffer as before (8 µg each) for overnight incubation at 4°C. Retinae were washed 6× in 2% NGS/1× PBS for 5 min each before postfixation in 3% formaldehyde diluted in 1× PBS for 1 h at RT.

The resin-embedding protocol for immunolabeled retinae is based on previous studies ([@bib21]; [@bib43]). Postfixed retinae were dehydrated in a series of ethanol washes (15 min each: 50%, 70%, 90%, 100%, and 100%) followed by embedding steps of increasing concentrations with UltraBed Epoxy resin (Electron Microscopy Sciences) to ethanol (2 h each; 25:75%, 50:50%, 75:25%, and 100% resin twice). Embedded retinae were cured on the top shelf of a 65°C baking oven for 20 h. 1-µm sections were cut on a UCT or UC6 ultramicrotome (Leica Biosystems) and dried directly onto glass-bottomed dishes (35 mm; No. 1.5 coverslips; MatTek Corporation).

STORM image acquisition {#s20}
-----------------------

Immediately before imaging, 10% sodium hydroxide (wt/vol) was mixed with 200-proof ethanol for 30 min to prepare a mild sodium ethoxide solution. Glass-bottomed dishes with ultra-thin retina sections were immersed for 30--40 min for chemical etching of the resin that facilitates STORM in this preparation ([@bib21]; [@bib43]). Etched sections were then washed and dried on a 50°C heat block. The following STORM imaging buffer was prepared: 50 mM Tris, pH 8.0, 10 mM NaCl, oxygen scavenging system (0.56 mg/ml glucose oxidase and 34 µg/ml catalase \[Sigma-Aldrich\]), 10% (wt/vol) glucose, 15 mM ethanolamine, and 10% VectaShield (Vector Laboratories). Imaging buffer was added onto the dried, etched sections, which were sealed with another No. 1.5 coverslip for imaging.

Imaging was performed on a Nikon N-STORM system, which features 100× CFI Apochromat total internal reflection fluorescence 100× 1.49 NA oil objective on an inverted Nikon Ti Eclipse microscope featuring a quad cube filter (zt405/488/561/640 m-TRF; Chroma Technology Corp) and a Piezo z stage with the Perfect Focus System for z stability. A laser combiner (MLC400B; Agilent Technologies) with acoustooptic tunable filter modulation housed the 200-mW 561-nm and 647-nm solid-state lasers that were used for imaging in this study. STORM image acquisition was controlled by NIS Elements AR software (Nikon). For each STORM acquisition, a 512 × 512--pixel field was captured by an iXon DU897 electron-multiplying charge-coupled device camera (Andor Technology; each pixel was 160 nm wide for a ∼40-µm^2^ STORM area), and a 3D cylindrical lens was inserted into the light path. Chromatic aberration between channels was corrected via an x--y warp calibration.

Ultra-thin sections were first scanned with low--laser power excitation to locate a region with multiple well-stained CC. From this region, differential interference contrast images and low-power laser images were saved as a reference. Both the 561- and 647-nm laser lines were increased to maximum power to initiate photoswitching before imaging frames were collected (∼56 frames per second). 20,000--50,000 frames were collected for each imaging experiment. 561-nm and 647-nm frames were collected sequentially without any activation frame (also termed direct STORM).

STORM analysis {#s21}
--------------

Analysis of STORM acquisition frames was performed using NIS Elements AR analysis software. For each experiment, individual photoswitching events were analyzed and selected as molecules to be included as 2D Gaussian data points within reconstructed images. Selection varied in peak minimum intensity from 400--1,000 based on the quality of photoswitching. To further assess reconstruction quality and Gaussian localization accuracy, a calculation for error in localization ([@bib44]) was considered for each reconstructed CC Gaussian cluster (defined as a selected region of interest surrounding a CC and surrounding structures). For these clusters, a mean localization accuracy per molecule of \<20 nm was used as a benchmark for good STORM reconstruction and acceptable superresolution imaging. A local density filter (20-molecule thresholding value and 50--100-nm radius) was used in reconstructions with a considerable background. Cilia clusters were processed in FIJI (ImageJ; National Institutes of Health), and the Straighten tool was applied to straighten curved or bent cilia to acquire comparable length profiles. Lookup tables within the analysis software were removed from all reconstructions to limit the saturation of strong Gaussians points; however, whole-image contrast was adjusted for clarity when necessary.

Cryo-ET {#s22}
-------

For cryo-ET, a 3-µl drop of the specimen (isolated rod outer segment/inner segment preparation; isolated as described previously \[[@bib14]; [@bib46]\]) was applied to a glow-discharged 200 mesh holey carbon grid (Quantifoil Micro Tools GmbH). The preparations from the WT and *Spata7* mutant retinae were processed in parallel to avoid technical artifacts. The grids were flash frozen and plunged into liquid ethane at liquid nitrogen temperature using a Vitrobot (FEI) or EM GP (Leica Microsystems) freezing device with blotting from the opposite side from that used for sample application to minimize flattening and breaking of cilia. The grids containing cell samples in vitreous ice were imaged at 12,000× magnification in a JEM2100 electron microscope (JEOL) at 200 kV using Serial EM software ([@bib27]) to collect a tilt series. The tilt series were collected between ±60° at 2° increments with a cumulative dose of 70--90 e/Å-2 at ∼10 µm defocus using a 4,000 × 4,000 charge-coupled device camera (Gatan). The 3D reconstruction of the tomograms was performed with IMOD software ([@bib22]). Features of interest from tomograms were manually selected and segmented using Avizo (FEI) and visualized using the Chimera 3D software package ([@bib35]).

Statistical information {#s23}
-----------------------

All error bars in graphical figures display SEM. Statistical comparison in cilia protein localization length was performed by unpaired *t* test using Prism (GraphPad Software). This signal length comparison data are displayed as box and whisker plots displaying the interquartile range (IQRs) with overlaying data points. The whiskers extend to data points that are \<1.5× IQR away from first or third quartiles. Outliers are defined as data points that fall below Q1 − 1.5 IQR or above Q3 + 1.5 IQR.

Online supplemental material {#s24}
----------------------------

Fig. S1 displays rescue and localization of *Spata7:*:GFP transgenic expression. Fig. S2 displays MS1 peptide area used for Skyline manual quantification. Fig. S3 displays localization of MKS1, AHI1, and NPHP1 at the photoreceptor CC of WT and *Spata7* mutant photoreceptor CC. Fig. S4 displays AHI1 localization in *Spata7* mutant mouse photoreceptor cells. Fig. S5 displays apical translocation of RPGRIP1L in the presence of mild overexpression of SPATA7 in hTERT-RPE1 cells and also cytoskeletal destabilization observed in the majority of cells with high ectopic expression of SPATA7. The Skyline, iBAQ, and peptide fold change values obtained from MS analysis can be found in Table S1 for top interacting candidates and all interactors (Sheets 1 and 2). A list of antibodies, their specific conditions, and dilutions used are cataloged in Table S2. Video 1 displays the 3D architecture of the DCC and PCC regions of the Spata7 mutant photoreceptor CC.

Supplementary Material
======================

###### Supplemental Materials (PDF)

###### Table S1 (Excel)
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###### Video 1

We thank Matthew Dougherty for assistance in the visualization of cryo-ET data.

This project was funded by the Retina Research Foundation of the National Eye Institute grants R01EY022356 (to R. Chen), R01EY020540 to (G. Mardon and R. Chen), R01EY026545 and R01EY07981 (to T.G. Wensel), and F32EY027171 (to M.A. Robichaux); the European Commission\'s Seventh Framework Programmes FP7/2009 under grant 241955 (SYSCILIA; to R. Roepman), and by the Netherlands Organization for Scientific Research NWO Vici-865.12.005 (to R. Roepman).

The authors declare no competing financial interests.

Author contributions: R. Dharmat designed the study, performed the experiments, interpreted the results, and wrote the paper. R. Dharmat, A. Eblimit, M.A. Robichaux, Z. Zhang, T.-M.T. Nguyen, F. He, A. Jain, and Y. Li performed the experiments and analyzed the data. R. Dharmat performed the immunofluorescence, IP, mouse, and cell line experiments, collected the data, and analyzed the results. A. Eblimit performed the mouse experiments including generation of GFP-Spata7 transgenic and CEP290 lines, and M.A. Robichaux performed the STORM experiments and edited the manuscript. A. Jain performed MS, which was analyzed by S.Y. Jung and J. Qin. P. Overbeek made the *SDCCAG8* mutant mouse. T.-M.T. Nguyen performed the cell line immunofluorescence work under the supervision of R. Roepman. F. He and Z. Zhang performed the cryotomography, collected the data, and analyzed the results with T.G. Wensel. T.G. Wensel and G. Mardon helped to refine the hypothesis, interpreted the results, and edited the manuscript. R. Chen conceived and supervised the research, interpreted the results, and wrote the paper. All authors have read and accepted the manuscript.

[^1]: A. Eblimit's present address is Dept. of Biomedical Engineering, University of Houston, Houston, TX.
